ABSTRACT-Animals of many species use the geometric shape of an enclosed rectangular environment to reorient, even in the presence of a more informative featural cue. Manipulating the rearing environment affects performance on spatial tasks, but its effect on the use of geometric versus featural navigational cues is unknown. Our study varied the geometric information available in the rearing environment (circular vs. rectangular rearing tanks) of convict cichlids (Archocentrus nigrofasciatus) and tested their use of navigational cues. All the fish used geometric information to navigate when no features were present. When features were present, the fish used geometric and featural information separately. If cues were in conflict, fish raised in a circular tank showed significantly less use of geometric information than fish raised in a rectangular tank. Thus, the ability to use geometry to navigate does not require exposure to angular geometric cues during rearing, though rearing environment affects the dominance of featural and geometric cues.
All vertebrate animals tested thus far (rats : Cheng, 1986; chicks: Vallortigara, Pagni, & Sovrano, 2004; pigeons: Kelly, Spetch, & Heth, 1998; monkeys: Gouteux, Thinus-Blanc, & Vauclair, 2001 ; fish: Sovrano, Bisazza, & Vallortigara, 2002; and humans: Hermer & Spelke, 1996; see Cheng & Newcombe, 2005 , for a recent review) are capable of using the geometric shape of an environment to determine their heading while navigating. Most species spontaneously encode the geometric properties of an enclosed rectangular area, even in the presence of a more informative feature (e.g., an object or colored wall) that could be better used to navigate. Featural information marking the goal can provide unambiguous information, whereas geometry can provide only ambiguous information in a rectangular arena, because of the equivalence of rotationally opposite corners.
The presence of a more informative feature typically does not overshadow geometric information in encoding (see Cheng & Newcombe, 2005) . Recently, Gray, Bloomfield, Ferrey, Spetch, and Sturdy (2005) found an exception to this finding. Featural information near the goal overshadowed geometric information in wild-caught mountain chickadees that had grown up in forested areas rich in features, as opposed to rooms with salient geometric information. Although species differences could account for the difference in results between the mountain chickadees and other species tested, an interesting possibility is that rearing environment may influence the use of geometric information for navigation. An ongoing study by the same authors is comparing lab-reared with wild-caught chickadees and will help clarify the matter.
Manipulating the complexity of the rearing environment affects performance on the T maze (Melendez, Gregory, Bardo, & Kalivas, 2004) and Morris water maze (Schrijver, Bahr, Weiss, & Wurbel, 2002) , both of which involve determining heading and navigation to a specific location. To the best of our knowledge, no published study has reported findings on the availability of geometric information during rearing or demonstrated effects of such availability on use of geometry for navigation.
Fish are able to use geometry and features to solve the rectangular-enclosure task (Sovrano et al., 2002) . When a feature that differentiates one wall from the others is shifted during testing, the response strategy of fish depends on the size of the training environment (Sovrano, Bisazza, & Vallortigara, 2007) in much the same way as for human children (Learmonth, Nadel, & Newcombe, 2002) and for chicks (Vallortigara, Feruglio, & Sovrano, 2005) . Specifically, the feature is more likely to control responding in a large enclosure than in a small enclosure. If trained with features in corners, rather than on walls, and then tested with a shift in the features, fish split their responses between featurally correct and geometrically correct corners (Sovrano, Bisazza, & Vallortigara, 2003) .
Our study is the first to manipulate exposure to geometric information in the rearing environment of fish. This manipulation allowed us to test whether or not learning geometric properties of an environment is an innate navigational ability that requires no specific developmental environment. It also allowed us to investigate whether rearing environment affects the relative use of geometric and featural information for navigation.
METHOD

Subjects
Convict fish (Archocentrus nigrofasciatus) are native to Central America. Although they exhibit parental care in the wild, parents are commonly removed from fry in the lab, as pressures that demand parental care in the wild are not present in the lab. Within 12 hr of hatching, convict fry were removed from their parental tank and raised in one of two different rearing environments: (a) a standard rectangular laboratory fish tank (length 5 91.5 cm, depth 5 32.5 cm, height 5 40 cm) with three solid walls and one clear wall that faced a white curtain or (b) a large circular tank (diameter 5 70.5 cm, height 5 21 cm) that had solid walls and was enclosed in white curtains to prevent learning about the geometry of the room. The tanks were lit from above and had a thin layer of sand located at the bottom. Neither tank contained any objects that might serve as landmarks. The fish were fed twice a day and kept on a 14:10 light:dark cycle; their water was maintained at 26 1C AE 2 1C. Once the fish reached maturity ( $ 4 months), they were taken from their rearing tanks and visually and spatially isolated in 2-L opaque plastic bottles. They remained in isolation for the duration of training and testing. Fish were randomly assigned to either the geometry-training or the feature-training condition and were trained and tested in squads of 4, each consisting of 1 geometrytrained fish and 1 feature-trained fish from each tank.
Apparatus
The training apparatus was a rectangular Plexiglas enclosure placed within a larger circular (70.5 cm in diameter) tank filled with water. The enclosure (33 Â 18 cm, 21 cm high) had a clear removable door in each corner. Pilot testing indicated that the fish could not visually distinguish doors from open corners. The enclosure had four removable walls that could easily be switched from white to blue. The large circular outer tank was surrounded by white curtains (to block visual cues from the room) and was lit by four 60-W bulbs 7 in. above the apparatus. Visible outside each corner of the enclosure was half of a clay flowerpot (dome side up), which served as refuge from the bright lights and reinforcement after escape.
Procedure
The fish were pretested by placing them in the apparatus with all four doors open. If they escaped on three out of four trials in less than 2 min, they were deemed suitable for training. All fish passed pretesting.
The fish completed 10 training trials per day, 3 to 4 days per week. To prevent the use of inertial cues, we disoriented the fish prior to each trial by pouring the water from their isolation tank into an identical empty container and netting the fish during the pour. The fish were placed in an opaque cylinder within the rectangular enclosure for 5 s before the cylinder was lifted to start the trial. One of the four doors of the enclosure was open and allowed the fish to escape into the darker refuge area. The correct (open) door remained the same throughout the training for each fish, but was counterbalanced across fish. After the fish escaped, the lights above the enclosure were turned off, and the fish were given 1 min of reinforcement time in the dark. Typically, the fish spent this time under a flowerpot. After every second trial, the apparatus was rotated 901 or 1801 in the tank to prevent the use of cues from within the curtained area.
Each fish completed either geometry or feature training. In the geometry-training condition, all four walls were white, leaving the correct corner and the opposite corner (i.e., the rotationally correct corner) geometrically indistinguishable. A trial was considered correct if the fish escaped through the correct door or bumped into the rotationally correct door. In the feature-training condition, fish were trained with one blue wall and three white walls. The correct door was always adjacent to the blue wall, and a trial was considered correct only if the fish escaped through the correct door on its first choice. Testing began once fish maintained 70% accuracy over 3 consecutive days or 80% accuracy over 2 consecutive days.
Testing for geometry-trained fish consisted of 12 unreinforced probe trials across 4 days. Of the 10 trials per day, Trials 3, 6, and 9 were probe test trials; the other trials were regular training trials. During the test trials, all four doors were closed. A test trial ended either after 1 min or when the fish hit each of the four doors. During the test phase, fish that failed to maintain an accuracy level of 70% were placed back on training until the initial criterion was again reached.
Feature-trained fish were given three kinds of test trials: control, geometry, and conflict. One of each type of test was given each day for 12 days. All test trials were unreinforced probe tests occurring on Trials 3, 6, and 9 of 10 trials each day. During control trials, the blue wall was moved to the opposite wall, thus preserving both featural and geometric properties of the enclosure. On geometry trials, the featural cue was removed by replacing the blue wall with a white wall; these trials allowed us to test whether geometric information was encoded during training. During conflict trials, we moved the blue wall 901, such that it was adjacent to, but on the wrong side of, the correct door; thus, geometric and featural information were in conflict. These conflict tests assessed relative control of navigation by featural and geometric information.
The dependent measure was the percentage of trials on which each corner was chosen first. These percentages were compared with Satterthwaite's t tests. Because the results from the raw and arcsine-transformed data led to the same conclusions regarding the null hypothesis, the results for the raw data are presented here.
RESULTS
Acquisition
We predicted that rectangle-reared fish would reach the criterion in geometry training faster than circle-reared fish; however, there was no difference between groups in the mean total number of training days: 11.25 days for rectangle-reared fish and 8.25 days for circle-reared fish, t(6) 5 0.91, p 5 .20. We also predicted that circle-reared fish would reach the criterion in feature training faster than rectangle-reared fish, because circle-reared fish would experience no interference from exposure to geometric information. As predicted, circle-reared fish learned the task significantly faster (13 days) than rectanglereared fish (20.5 days), t(6) 5 2.40, p 5 .037 (one-tailed), p rep 5 .90, d 5 1.7.
Geometry-Trained Fish
The geometry-trained fish chose the correct or rotationally correct corner significantly more often than expected by chance (50%) during test trials, regardless of whether they were raised in the rectangular tank (87.5%), t (3) Fig. 1a ).
Feature-Trained Fish
Control Test
The percentage of control trials on which feature-trained fish chose the correct corner first was significantly above chance (25%) for both fish raised in the rectangular tank (87.7%), t(3) 5 14.77, p 5 .001, p rep 5 .99, d 5 10.41, and fish raised in the circular tank (98.0%), t(3) 5 36.50, p < .001, p rep 5 .998, d 5 25.81. We did not predict any difference between these groups on the control test, as the fish were trained to the same criterion. There was no difference between circle-reared and rectanglereared fish in the percentage of trials on which their first choice was the correct corner, t(6) 5 À2.18, p 5 .090, p rep 5 .88 (see Fig. 2a ). Geometry Test Rectangle-reared fish chose the correct or rotationally correct corner first significantly more often than chance (50%) on the geometry test trials (93.7%), t(3) 5 10.81, p 5 .002, p rep 5 .99, d 5 7.64, as did fish raised in the circular tank (83.2%), t(3) 5 9.57, p 5 .002, p rep 5 .99, d 5 6.77. The correct corner was not chosen more frequently than the rotationally correct corner by either rectangle-reared fish, t(3) 5 À0.11, p 5 .917, or circlereared fish, t(3) 5 1.35, p 5 .271, p rep 5 .77. We predicted that compared with fish raised in the circular tank, fish raised in the rectangular tank would perform better on this task because of their exposure to geometric information during rearing. Indeed, rectangle-reared fish chose the correct or rotationally correct corner significantly more often than circle-reared fish, t(6) 5 1.97, p 5 .049 (one-tailed), p rep 5 .88, d 5 1.39 (see Fig. 1b ).
Conflict Test
Results for the conflict test are presented in Figure 2b . Fish raised in the circular tank chose the featurally correct corner (75%) significantly more often than chance (25%), t(3) 5 15.31, p 5 .001, p rep 5 .99, d 5 10.82. Fish raised in the rectangular tank did not deviate significantly from chance in choosing this corner (37.5%), t 5 0.81, p 5 .47. We predicted that circlereared fish would choose the featurally correct corner more than rectangle-reared fish because for the circle-reared fish, there would be no interference from early experience with geometric information. Indeed, circle-reared fish chose the featurally correct corner significantly more often than rectangle-reared fish, t(6) 5 À2.38, p 5 .045 (one-tailed), p rep 5 .88, d 5 1.68.
Also on the conflict test, circle-reared fish chose the geometrically correct and rotationally correct corners (20.5%) less frequently than chance (50%), t(3) 5 À5.44, p 5 .012, p rep 5 .97, d 5 3.85, whereas rectangle-reared fish did not differ from chance in their choice of these corners (56.2%), t(3) 5 0.46, p 5 .61. We predicted that fish raised in the rectangular tank would choose the correct and rotationally correct corners more often than fish raised in the circular tank. The results were consistent with this prediction, t(6) 5 2.43, p 5 .036 (one-tailed), p rep 5 .90, d 5 1.72.
The incorrect corner was chosen significantly less frequently than chance (25%) by both the circle-reared fish (4.2%), t(3) 5 À4.88, p 5 .016, p rep 5 .96, d 5 3.45, and the rectangle-reared fish (6.2%), t(3) 5 À4.63, p 5 .019, p rep 5 .82, d 5 3.28. There was no difference between rectangle-and circle-reared fish in the percentage of trials on which their first choice was the incorrect corner, t(6) 5 0.34, p 5 .745.
DISCUSSION
The ability to use geometry to orient in enclosed environments is prevalent in species ranging from fish to humans and has generated considerable theoretical debate. It has been suggested that this ability demonstrates the existence of an encapsulated geometric module (e.g., Gallistel, 1990) . However, it is important to show that the ubiquitous use of geometry to navigate is not an artifact of a geometrically rich rearing environment. Our results suggest that fish are innately able to use geometric information, in the sense that they do not require exposure to salient angular geometry during rearing in order to manifest this ability later on.
In the geometry-training condition, fish reared in the circular tank and fish reared in the rectangular tank were equally able to learn and perform the task. This ability of fish raised in a circular environment is interesting and lends support to the idea that the ability to learn the geometry of an environment does not require extensive exposure to geometrically rich environments early in life. Additional evidence comes from the results of the featuretraining condition. The results for the geometry test indicate that regardless of rearing condition, fish encoded the geometry of an enclosure when a feature was present. Studying the effects of rearing in chicks, Chiandetti and Vallortigara (2006) recently reached a similar conclusion. They found that chicks raised in a circular arena learned to use geometry, and spontaneously encoded geometry, even when a feature was present.
Although early exposure to angular geometry was not necessary for the use of geometry, our other results indicate that the shape of the rearing environment did have an effect. First, on the geometry test, fish raised in the rectangular tank chose the correct and rotationally correct corners more often than fish raised in a circular environment. Second, when featural and geometric cues were put into conflict, fish raised in a circular environment relied on the featural information to solve the task, whereas rectangle-reared fish split their choices, using featural and geometric information. The fact that fish raised in a circular environment were able to learn the feature task faster than rectangle-raised fish supports the idea that early exposure to geometry interfered with the ability of the rectangle-raised fish to learn a featural rule when solving the task. Thus, although use of geometry to orient does not depend on exposure to a geometrically rich rearing environment, exposure to such an environment may enhance attention to geometry.
